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| NTRODUCTI ON

G ound-source heat punp (GSHP) technol ogy has gai ned w despread
acceptance in the private sector in the last five years. A
nunber of mlitary bases have installed systens and due to
their success and the general growh of the concept in the
private sector, increasing enphasis is being placed on this
technol ogy by DoD. For exanple, GSHP technol ogy has been
specifically named in the Arny’s Inplenentation Plan for
Sust ai nabl e Design. However, despite the recent increase in
activity in this area, the general |evel of awareness and
expertise in the CoE and the HVAC design conmmunity at large is
i nadequate to ensure successful, cost effective, designs. This
paper wll provide a very brief introduction to sone of the key
design issues. Those who are interested in gaining additional
insight into the design of these systens should attend a
training course on the topic. Several private sources of
training exist and efforts are underway to offer additional

wor kshops simlar to those sponsored by the US Arny CoE Center
for Public Works in the last two years. The authors nay be
contacted for details on avail abl e trai ning.

BASI C SYSTEM TYPES

G ound source heat punp systens use the ground as a heat source
in the heating node and heat sink in the cooling node. The
ground is an attractive heat source or sink when conpared to
outdoor air because of its relatively stable tenperature. Figure
1 shows sone soil tenperatures recorded from heat punp
denonstration projects conducted by CRREL at Ft. Polk (ref. 1).
It’s clear fromFigure 1 that the soil tenperature does not vary
significantly over the annual cycle below a depth of about 2
meters. (6.5 feet). Wiile outdoor air tenperatures nay range
fromw ntertinme lows of 0°C (32°F) (Ref. 2) or lower to



FIGURE 1: FT. POLK SO L TEMPERATURES

summertinme highs around 33°C (95°F) (Ref. 2), the soi
tenperature at depths greater than two neters never falls bel ow
about 18°C (64°F) or rises about approximately 25°C (77°F),
averagi ng around 20°C (68°F).

A nunber of different nethods have evolved for thermally
connecting or “coupling” the heat punp systenms with the ground.
Here we will only describe the nost common types of ground-source
systens. The enphasis of the paper will be on vertical systens
because they are the nost common in conmercial scal e design
However, the other types are occasionally used in comrercial
scal e design and the designer should be aware of these

alternatives. In addition to the types of ground-coupl ed systens
di scussed here systens that use both surface water and ground
wat er have been successfully used. |In fact, for commercial scale

applications if ground water is available in sufficient
quantities, it should be considered as the first alternative as
it will often turn out to be the |east costly. Design
information for ground water and surface water systens nay be
found in several design manual s(Refs. 3 and 4).
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FI GURE 2: TYPI CAL VERTI CAL GROUND COUPLI NG SYSTEM

VERTI CAL GROUND- COUPLED

As noted earlier, vertical ground-coupling is the nobst conmon
type of systemin commercial scale systens. Figure 2 shows the
basi ¢ arrangenment of a vertical ground coupled system \Vertical
u-tube plastic piping, to be described in nore detail later, is
pl aced in bore holes and is manifolded in shallow trenches at the
surface. The specifics of borehol e design, conpletion, piping
mat eri al s, and nethods are discussed later. Vertical ground
coupling has several advantages: |ow |and area requirenents,
stabl e deep soil tenperatures with greater potential for heat
exchange with ground water, and adaptability to nost sites.

Anmong vertical ground-coupling s disadvantages are potentially

hi gher cost, problens in sone geol ogical formations, and the need
for an experienced driller/installer.
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FI GURE 3: TYPI CAL HORI ZONTAL GROUND- COUPLED SYSTEM

HORI ZONTAL GROUND- COUPLED

Hori zontal ground-coupling uses plastic piping placed in

hori zontal trenches to exchange heat with the ground, see Figure
3. Piping may be placed in the trenches either singly or in
mul ti pl e pipe arrangenents. The primary advantage of horizontal
systens is lower cost. This results primarily fromfewer

requi renents for special skills and equi pnment conmbined with | ess
uncertainty in subsurface site conditions. The disadvantages of
hori zontal ground-coupling are it’'s high |land area requirenents,
its limted potential for heat exchange with the groundwater, and
the wi der tenperature swings of the soil at the typical buria
dept hs.

A variant of the horizontal systens is the horizontal “slinky”
system shown in Figure 4. These systens have the sane advant ages
as conventional horizontal systens but require |ess |and area and
are adaptable to a wi der range of construction equi prment.
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FI GURE 4: TYPI CAL SLI NKY GROUND- COUPLED

GROUND SOURCE VS CONVENTI ONAL EQUI PMENT

GSHPs have a nunber of advantages conpared to conventi onal

equi pnent such as variable air volunme (VAV) systenms. Wth

i ndi vi dual heat punps serving each zone, control and confort are
superior to many other types of systens using |arge central

equi pnent. This ideal zone control coupled with the unitary
design of the equipnent results in sinple but highly reliable
systens that can be maintained without the need for special
skills. Operating costs for these systens tend to be | ower than
for conventional equipnent, especially when all the parasitic

| osses of large central systens are considered. The heat punps
t hensel ves, like their sister technology the household
refrigerator, tend to be very reliable wth | ow nmai nt enance and
long lifetimes. GSHP systens require no on-site fuel storage and
are considered a green technology with no on-site, unregul ated,
em ssions. Finally, because the equipnent is distributed around
the buil ding, nechanical room space requirenents are greatly
reduced or in sone cases elimnated altogether.

The primary di sadvantage of GSHP is that they tend to have higher
initial costs than sonme conventional systenms. |In conmercial
applications, however, they are able to conpete favorably on a
first cost basis against sonme of the nore costly conventional
systens, i.e. four-pipe systens. In many other applications any
additional initial investnent will be quickly returned in reduced
operati ng and nmai nt enance costs.

In some regions the lack of GSHP infrastructure can be an
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addi tional disadvantage of GSHP systens. |In areas where GSHP s
have not seen nuch devel opnent to date it may be difficult to

| ocat e experienced designers and installers. However, in many
cases it is possible to procure these services fromoutside the
area at conpetitive prices.

BUI LDI NG LOADS AND HEAT PUMP SELECTI ON

The design of a GSHP system begins |ike any other project with
the cal cul ation of building | oads. However, unlike equi pnent
that rejects heat to air or extracts heat fromair, GSHP

equi pnent can have a substantial inpact on its heat source/sink,
the ground. Thus, rather than being based solely on the maxi num
anount of energy rejected to/extracted fromthe ground, the
anount of heat rejection/heat extraction nmust be known along with
its history. Thus, when calculating the building | oads you
shoul d keep in mnd the level of detail that will be required by
the software to be used in designing the ground | oop, as

di scussed in the next section. O course, equipnment wll still
be sized based on the maxi mnum zone | oads.

A nunber of different types of water-source heat punps are

avail able for use in GSHP systens. Both upflow and downfl| ow
units are avail able as well as horizontal and console units.
Water-to-water units are also available for radiant floor heating
applications, hot water heating, or ventilation air

precondi tioning. Typical conmmercial scale application use units
mounted in the ceiling space or small utility closets. These
units are qui et enough such that noise is not generally a

pr obl em

As not ed above, one of the principal advantages of GSHP, or for
that nmatter the nore conventional water | oop heat punp system
using a boiler and cooling tower, is the flexibility of zoning.
In general it is best to treat each zone with it’s own individual
heat punp. |In addition, there is little, if any, advantage to
using a larger unit to serve several areas even if they are
reasonably served as a single zone. There are two reasons why
the “bigger is better” nentality may not be best with GSHP

syst ens:

In general the smaller heat punp units thensel ves have hi gher
efficiencies than larger units.

The cost advantage of a single larger unit over multiple smaller
units is nodest and will be easily offset by ducting costs.

In concert with the decision on how to serve the zones wth heat
punps, a decision needs to be nmade regarding the best way to



configure the ground coupling |oops that will serve the heat
punps. The principal options are:

Connect all heat punps to a common circulating | oop and a conmon
set of ground-coupling wells. This works best for conpact
fl oor plans and allows the maxi num benefit to be derived
fromdiversity of the zone | oads.

Provi de a separate ground-coupling |loop field for each heat punp
unit. This works well where the floor plan is spread out,
i ke school buildings, and in retrofit situations where it
woul d be difficult to run piping for the central circulating

loop. It thwarts any attenpt to take advantage of
diversity, but provides redundancy such that any system
failures wll only affect single zones.

Some conbi nation of the two solutions above. This solution
of fers exceptional flexibility for buildings that don't fal
clearly into one of the categories above.

Consult GSHP design manuals (Refs. 3,4) for nore detailed

di scussi on and exanpl es of possible arrangenents of heat punp
units and zones, nethods of punping for the circul ating |oop, and
control of the punps.

Wat er source heat punps are rated in accordance with three Air
Condi tioning and Refrigeration Institute (AR) Standards, they
are:

ARl 320 (Ref. 5). This standard is intended for normal water
| oop heat punp installations that use a boiler and cooling
tower to keep entering water tenperature (EWN) to the heat
punps within a narrow range, with the rating given being for
EWI's of 21.1°C (70°F) in the heating node and 29.4 °C
(85°F) in the cooling node. This standard contains no
al | owance for punping energy consunption.

ARl 325 (Ref. 6). This standard is intended for open | oop
systens that use ground water directly as the heat source
and sink. For this standard the heat punps are rated at two
EWs in both the heating and cooling node. For heating and
cooling both the two rating conditions on EWIf are 10°C
(50°F) and 21.1°C (70°F). This standard contains a
substantial penalty for punp power that is reflective of
residential groundwater systens, but it’s not appropriate
for ground-coupl ed heat punp (GCHP) systens.

ARl 330 (Ref. 7). This standard is intended for residential GCHP
systens. The rating EWI"s are 0°C (32°F) in heating and



25°C (77°F) in cooling. These rating tenperatures, for both
heati ng and cooling, are in general too |ow for what would
be experienced in commercial buildings in all but the nost
heati ng dom nated climates. For this reason heating COP s
will generally be greater than those given by ARl 330 and
conversely cooling capacities and EER s will be |ess at peak
conditions. A reasonable penalty for punping energy
consunption has been i ncl uded.

I n nost cases for GCHP systens the nost appropriate rating
standard will be ARl 330-93 (Ref. 7). Sone suggested
requi renents for the heat punp units are:

Ext ended tenperature range capability allow ng operation from -
4°C (25°F) to 40°C (104°F).

M ni mrum EER of 13.5 rated in accordance with ARl 330-93 (Ref. 7).
Do not allow nulti-speed or variable speed units to be rated
at any condition other than high speed on conpressor and
fan. Rating under |ower conpressor speeds with high fan
speed results in inpressive EER, but little or no | atent
heat renoval will be possible under this condition.

The head loss in the water coil of the heat punp should not
exceed 45 kPa (15 feet of water) when the flowrate is at
0.19 L/s (3 gpm per nomnal ton of cooling capacity.

Avoi d the use of heat punps that require proprietary thernostats
and controls. These can be difficult to maintain wthout
special skills and equi pnment and sinply are not necessary
for nost systens.

Aside fromthe energy efficiency notive for specifying high
ef ficiency equi pnent the designer should be aware of two ot her
maj or advant ages of high efficiency heat punps:

Hi gh efficiency equipment will discard | ess heat to the ground
loop in the cooling node and will require smaller ground
| oops helping to avoid costs on this expensive part of the
proj ect .

High efficiency units will performnuch better at conditions
other than the design point. Thus, if for exanple in the
cool ing node the EWI ends up bei ng higher than planned, high
efficiency units will | oose nuch | ess capacity and sacrifice
much | ess efficiency than will |ower efficiency units.

DESI GN OF VERTI CAL GROUND- COUPLI NG HEAT EXCHANGERS



Because of the diversity in loads in nultizone building, the
desi gn of the ground coupling heat exchanger nust be based on
peak bl ock | oad rather the installed capacity. This is of
paranount inportance as ground coupling is usually a major
portion of the total GCHP system cost and oversizing wll render
a project economcally unattracti ve.

Wiile in the residential sector many systens have been desi gned
usi ng rul es-of-thunb and | ocal experience, for commercial scale
systens such practices are ill advised. For all but the nost
northern climtes, comrercial scale buildings will have
significantly nore heat rejection than extraction. This

i nbal ance in heat rejection/extraction can cause heat buildup in
the ground to the point where heat punp performance wll be
adversely affected and hence systemefficiency and possibly
occupant confort will suffer. Proper design for commercial scale
systens al nost al ways requires the use of conputer aided design
(CAD) software. CAD software for commercial scale GCHP design
shoul d consider the interaction of adjacent |oops and predict the
potential for long termheat buildup in the soil. Sone sources
of PC based CAD software packages that address this need are

gi ven bel ow

GchpCal ¢ Version 3.1, Energy Information Services, 1-205-799-
4591, $300. This programincludes built in tables for heat

punp equi pnent from nost nmanufacturers. |Input is in the
formof daily heat | oss and gains at design conditions,
approxi mate annual full |oad hours, and desired operating

tenperatures. Primary output fromthe programis the ground
| oop length required. This programw ||l also calculate the
optimal size for a supplenental fluid cooler for hybrid
systens as discussed later. (This program has been used in
the two design courses offered to DoD to date)

- GLHEPRO, International G ound Source Heat Punp Associ ation
(I GSHPA), 800-626-4747,
“http://ww. mae. okst at e. edu/ Facul ty/ spitler/ gl hew n/ gl hepro.
htm ”, $500. Input required is nonthly heating/cooling | oads
on heat punps and nonthly peak | oads either entered directly
by user or read from BLAST or Trane System Anal yzer and
Trane Trace output files. The current configuration of the
program has some constraints on sel ection of borehol e
spaci ng, depth, and overall |ayout. These constraints wll
be renoved on a future version now bei ng prepared.

GS2000 Version 2.0, Caneta Research Inc., 905-542-2890, email:
canet a@onpuserve. com $350. Heating/cooling |oads are
input as nonthly totals on heat punps or alternately nonthly
| oads on the ground | oop may be input. Equi pnent
performance is input at ARl rating conditions discussed



above. For operating conditions other than the rating
conditions the equi pment performance is adjusted based on
generic heat punp performance rel ationshi ps.

Each of these CAD prograns will require input about the soi
thermal properties, borehol e resistance, type of piping and
borehol e arrangenent, fluid to be used, and other design
paranmeters. Many of the required inputs will be available from
tabl es of default values. The designer should be careful to
ensure that the val ues chosen are representative of the actual
conditions to be encountered in order to ensure efficient and
cost effective designs. Test borings to determ ne the type soi
formati ons and aquifer locations will substantially inprove

desi gn accuracy and may hel p reduce costs. Even with the
information fromtest borings sonme uncertainty will remain with
respect to the soil thermal properties. CAD prograns nmake it
possible to easily vary design paraneters within the range of
antici pated val ues and determ ne the sensitivity of the design to
a particular paranmeter. In sone instances, particularly very

| arge projects, it may be advisable to obtain specific

i nformati on on ground | oop performance by doing thermal testing
of a sanple borehole. There are several comrercially avail able
sources for such testing.

In heating dom nated climtes a m xture of antifreeze and water
wll need to be used in the ground coupling loops if |oop
tenperatures are expected to fall bel ow about 5°C (41°F). A
recent study (Ref. 9) establishes the inportant considerations
for antifreeze solutions for GCHP systens and provi des gui dance
on sel ecti on.

The regul atory requirenments for vertical borehol es used for
ground coupling heat exchangers varies wdely by state. Current
state and federal regulations as well as related buil ding codes
are summari zed at “http://ww. ui daho. edu/ ghpc” as are contacts

wi thin these regulatory bodies. One note of caution to the

desi gner: sone regulations, installation manuals, and/or | ocal
practices call for partial or full grouting of the borehole. The
thermal conductivity of materials normally used for grouting are
very | ow when conpared to the thermal conductivity of nobst native
soil formations. Thus, grouting wll tend to act as insulation
and hinder heat transfer to the ground. Sone recent experinental
work (Ref.8) has confirmed the negative inpact of grout on bore
hol e heat transfer. Under heat rejection | oading average water
tenperature was nearly 6°C (11°F) higher for a 16.5 cm (6.5 in.)
di anet er borehol e backfilled with standard bentonite grout when
conpared to a 12.1 cm (4.75 in.) dianeter borehole backfilled
with thermally enhanced bentonite grout. Using fine sand as
backfill in a 16.5 cm (6.5 in.) dianmeter borehole | owered the
average water tenperature over 8°C (14°F) when conpared to the
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sane di aneter bore backfilled with standard bentonite grout. For
a typical system(Ref.8) with a 16.5 cm (6.5 in.) dianeter
borehol e the use of standard bentonite grout would increase the
bore length required by 49% over fine sand backfill in the sane
borehole. By using thermally enhanced grout in a smaller 12.1 cm
(4.75 in.) borehole the bore length is only increased by only 10%
over fine sand backfill in the larger 16.5 cm (6.5 in.) dianmeter
borehole. Thus the results of this study (Ref.8) suggests three
steps that may be taken to reduce the inpact of grout on system
per f or mance:

Reduce the anobunt of grout used to the bare mninmum Sand or
cuttings may be used where all owed but care nust be used to
ensure that the entire interstitial space between the piping
and the borehole diameter is filled.

Use thermal |y enhanced grout wherever possible. For information
on thermally enhanced grout consult Ref. 4 and Ref. 8.

Reduce the borehol e dianmeter as nmuch as possible to mtigate the
ef fects of whatever grout or backfill is used.

Pl PI NG AND PUMPS FOR GCHP SYSTEMS

Failures in early GCHP systens have |led to standard practice and
materials for the buried piping used in these systens that wll
result in long reliable lifetimes. The only piping material that
is now used for the buried portion of the systens is high density
pol yet hyl ene (HDPE) of very specific grades. All joints are
thermally fused, either butt or socket type. Specifications for
the piping material and joining process may be found in Ref. 3
and Ref. 4. Installers of these systens are certified by

I nternational G ound Source Heat Punp Association (I GSHPA), or by
equi val ent prograns provi ded by sone equi pnment suppliers, after
bei ng trained and denonstrating conpetency with the materials and
met hods. For piping within the building any of the normally
acceptable materials may be used that are in accordance with

| ocal codes.

Many possi bl e header arrangenents exi st for connecting the
mul ti pl e ground-coupling wells that exist in a typical commerci al
scale project. The conflicting objectives that nust be
considered in designing the headers and sizing the piping are the
desire to reduce punpi ng power consunption and the need to avoid
| am nar flow which inhibits fluid side heat transfer. Avail able
desi gn manual s (Refs. 3, 4) contain recomendations for |ayout and
sizing of nmultiple ground | oop systens. An additional
consideration for ground-loop piping is the placenent of purge
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valves at strategic locations in the supply and return headers.

Punpi ng energy consunption in GCHP can be excessive if proper
care is not taken in the design. Punping energy consunption wl|l
be acceptable if the foll ow ng guidelines are observed:

Si ze piping and headers properly based on the recomendati ons of
accepted design guides (Refs. 3, 4).

- Avoid the use of antifreeze unless necessary and if so keep
concentrations to a m ni num

- Use variabl e speed punpi ng and two-way val ves at the heat
punps for all centrally punped systens.

- Use punps with high efficiency notors and design themto
operate near their point of maxi numefficiency.

Sel ect heat punps and control valves with | ow pressure drops.
Do not punp nore fluid to the heat punps than necessary. High

efficiency units will operate will little performance
degradation at | ower flow rates.

One design manual (Ref. 4) suggests the foll ow ng benchmarks for
punpi ng energy consunpti on:

Punp | nput Power/ Cool i ng Capacity Rel ati ve Ranki ng
(W Ton) (Hp/ 100 Tons)

#50 #5 Excel | ent
50-75 5-7% Good
75-100 7% 10 Medi ocr e
100- 150 10- 15 Poor
>150 >15 Bad

DEALI NG W TH VENTI LATI ON Al R REQUI REMENTS

Enphasi s on inproved indoor air quality requires much nore
careful treatnment of ventilation air requirenents than in the
past. Heating and cooling this ventilation air can becone a
maj or | oad for the HVAC system GCHP' s are able to deal with
these ventilation |oads as long as they are addressed at the
outset. The various types of GCHP system arrangenents | end

t hensel ves to differing solutions. For exanple, for a classroom
or hotel type application in a noderate climate it may be
acceptabl e to use console type heat punp units and provide
ventilation air through the wall directly to the unit. For

| arger systens that will have ducted ventilation air to the
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units, in heating domnated clinmates a sensible heat recovery
unit may provide the best solution to preconditioning the
ventilation air. Another solution for ducted systens in heating
dom nated climates would be to use a coil for preconditioning the
ventilation air. The water/antifreeze solution circulated to the
coil could be either heated by fossil fuel, electricity, or a

wat er -t o-wat er heat punp.

Providing ventilation air can be very problematic in humd air
conditioning climates as well because of all the excess humdity
that it brings into the conditioned space. The water-to-air heat
punps used in GCHP systens have a real advantage here as they
have very high latent capacity. For this reason it may not be
necessary to consider total heat recovery units in GCHP systens.
The use of coils to precondition air is also an option in the
air-conditioning node as well. The chilled water for the coils
can be provided by a water-to-water heat punp. Wen this is done
it is possible to downsize the individual zone heat punps. Under
part |load conditions this arrangenent will provide better

hum dity control by dehum difying the incomng air stream
effectively. Several detailed exanples of nethods for handling
ventilation air in GCHP systens are contained in Ref. 4.

HYBRI D SYSTEM5 AND OTHER COST CONTROL MEASURES

As noted above, even in northern climtes HVAC requirenments of
commercial scale buildings are often dom nated by air

condi tioning. For ground coupled systens that use the ground as
a heat source/sink |arge inbal ances between heat rejection and
addition can present a problem The CAD prograns for ground | oop
desi gn di scussed above all ow the designer to assure hinself that
heat buildup in the ground will not cause problens over the
systenmis lifetime. However, where | arge inbal ances exi st addi ng
a cooling tower is an option that will help reduce the inbal ance
and al so reduce the anmount of ground | oop required. C osed
circuit fluid coolers are often used for this purpose with this
type of systemoften referred to as a “Hybrid GCHP". \Wile the
previ ous nentioned manuals (Ref. 3 and Ref. 4) provide sone

di scussi on of supplenental heat rejection with cooling towers,

t he best source of information on design nethods is a recent
report (Ref. 10).

A hybrid design is one of many cost control neasures available to
desi gners of GCHP systens. GCHP are inherently sinple systens
and controlling costs in GCHP system design is easily done as

| ong as the designer does not try to use nethods and equi pnent
nore appropriate to conventional systens design. An excellent
exanple of this is found in systemcontrol. Because the GCHP
systens achi eves zone control via individual heat punp units
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serving each zone, el aborate controls (i.e. DDC) are neither
necessary or desirable. The designer new to GCHP systens woul d
be wise to consult a separate chapter in one of the current
desi gn handbooks (Ref. 4) devoted to cost control neasures in
GCHP syst ens.

SOURCES OF | NFORNMATI ON

Aside formthe references cited here there are a nunber of other
sources of information available to the designer. In some cases
it my be possible to obtain design assistance through prograns
sponsored by one of the major proponent organi zations for this
technol ogy, the Geothernmal Heat Punp Consortium(GHPC) | ocated in
Washi ngton, DC. They may be contacted at 1-888-ALL-4-GEO or
visit their website at “http://ww. ghpc.org”. The GHPC is a
public/private venture funded by DoE, electric utilities, and
manuf acturers of heat punps and allied equi pment used in the
industry. Wiile their primary focus is marketing of the

technol ogy, to that end they do provide various materials and
services useful to the designer

Anot her source of information is the International G ound Source
Heat Punp Associ ation (1 GSHPA) |ocated at Okl ahona State
University. They can be reached at 1-800-626-4747 or via their
website at “http://ww. | GSHPA. okst ate. edu”. | GSHPA provi des
various training opportunities, primarily to systens installers,
as well as design software, and a nunber of publications.

The Geo-Heat Center funded by DoE and | ocated at the Oregon
Institute of Technol ogy al so provides informati on and assi st ance.
They can be reached at 541-885-1750 or via their web site at
“http://ww. oit.edu/ ~geoheat”. The University of Al abama and the
Geo-Heat Center have recently initiated the publication of a
quarterly newsletter (Qutside the Loop) with a focus on
information of interest to engineers and contractors.
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